For many years, the generation mechanism of disastrous intraplate earthquakes in the upper plate of a subduction zone have remained unclear largely because the roots of upper plate intraplate faults have particularly quiet inter-seismic nature and limited visibility. Here we propose that the 2008 Mw 6.9 Iwate-Miyagi Nairiku, Japan, Earthquake, occurred on a dipping fault in a volcanic region, contains previously-unreported co-seismic evidence of a ductile shear zone (DSZ) present on the down-dip fault extension beneath the seismogenic layer, and DSZ plays a dominant role in the seismogenesis. We found the evidence in the spatial pattern of the co-seismic ground displacement, which was well captured by synthetic aperture radar, reflecting geothermal anomalies there. A dynamic forward model including the inter-seismic deformation of DSZ naturally reproduced this displacement pattern without kinematic inversions and consistently explained other independent observations. This finding should make breakthroughs in observational and theoretical studies of earthquake generation.
Introduction
In the last few decades, establishing a depth-dependent mechanical model of crustal faults has been a central problem of earthquake studies [Sibson, 1977; Tse and Rice, 1986; Scholz, 1988; Burgmann and Dresen, 2008] . Geologic field studies of exhumed faults have found bands of mylonite, rock sheared in a ductile manner under high pressure and temperature [Sibson, 1977] , and laboratory experiments have explored the onset of rock plasticity at around 300-350 °C with 2 strain-softening behavior [Tullis et al., 1990] further intensified by hydrolytic effects [Kronenberg, 1994] . Those findings imply the existence of localized ductile shear zones (DSZs) on the deep extension of active faults in the lower crust beneath the seismogenic layer (SGL) delimited by the geothermal gradient [Sibson, 1986; Scholz, 1988] . Geodetic observations and kinematic analyses targeting plate boundary transform faults [Bourne et al., 1998; Savage et al., 1999] have captured the relevant inter-seismic ground deformation. However, it is intrinsically difficult to resolve the slip at depth because of their vertical dip, hence the debates on this model is currently still ongoing [Fialko, 2009] . Furthermore, the validity of the DSZ model remains an open question for intraplate faults in the upper plate of a subduction zone (also called inland faults). These upper plate faults are subjected to a particular tectonic condition remote from the loading source, a plate interface, so that they are immaturer and far less active though ubiquitous on shore, causing major seismic hazards directly to nearby cities. Thus the model verification has unique importance for this particular case although it should contain broader implication.
To this end, we targeted the 2008 Mw 6.9 Iwate-Miyagi Nairiku earthquake, eastern Japan, which occurred in the immediate vicinity of the inland volcanic front associated with the subducting Pacific plate. The earthquake occurred at shallow depth on a dipping fault, allowing us to infer precisely the slip distribution on the fault by analysis of synthetic aperture radar (SAR) images, which can resolve surface displacement over a large area with very high spatial resolution. Moreover, geothermal including hydrologic anomalies existing in the focal area [Tanaka et al., 2004; Hasegawa et al., 2005; Yoshida et al., 2005; Okada et al., 2010] make it possible to investigate deep below the surface, because considerable variation in the base of the SGL is surprisingly visible in available co-seismic observations. Figure 1 shows the observed small seismic events, which clarify the relationship between the extent of the 2008 main-shock focal region and the geothermal background. The aftershock distribution ( Figure 1a) suggests that the main-shock rupture expanded following a NNE-SSW trend, but its expansion was obviously limited by areas of high geothermal anomaly, indicated by the clusters of volcanic low-frequency earthquakes (LFEs), presumably surrounding magmatic bodies [Hasegawa et al., 1991] , at both the northern (near Mt. Yakeishi) and southern (near Onikobe caldera) ends of the rupture area, as well as just inside its western margin (near Mt. Kurikoma). The LFEs occurred underneath the SGL (Figure 1b) , whose basal depth, inferred from the aftershocks and regular shallow background seismicity, is notably shallow above the three LFE clusters, almost certainly because of the higher thermal gradients there (Figure 1c ). There is direct evidence of a geothermal gradient as high as 200 °C/km near these volcanoes and as low as 30 °C/km away from them [Tanaka et al., 2004] . Likewise, low seismic velocity anomalies [Okada et al., 2010] provides indirect evidence for magmatic bodies. The moment tensor solution together with the identified surface rupture locations [Toda et al., 2010] and seismic inversions [Suzuki et al., 2010] suggests that the source was a predominantly westward dipping reverse fault. Supposing a primarily west-dipping fault, then the geometry of the western verge of the aftershock area ( Figure 1a ) corresponds well to the shape of the bottom of the SGL (Figure 1b) .
Observational results
To obtain the detailed 3-dimensional ground-surface displacement pattern associated with the main-shock, we performed a SAR pixel offset analysis [Tobita et al., 2001 ] using images taken by PALSAR (Japanese spaceborne SAR). Figure 2 shows the resulting displacement map. In particular, we found this pattern to have three characteristics (illustrated in the figure inset with the corresponding numbers): (1) a crescent-shaped uplift area that overlaps the aftershock area ( Figure   1a ), and a continuous zone of peak uplift that approximately follows its western margin over tens of kilometers, suggesting larger slip on the deeper portion of the west-dipping fault; (2) eastward motion around Mt. Kurikoma with relatively large subsidence, changing to uplift towards the east, but with no sudden changes in the horizontal motion; and (3) obvious contraction in the horizontal components along the eastern verge of the uplift area, but not along the western verge, supporting the fault model of a predominantly west-dipping reverse fault setting. These detailed patterns captured by SAR are significant signals that allow us to verify the physics-based forward model described next.
The model
To obtain a physics-based explanation for the various observations described above, we carried out forward modeling of the whole earthquake generation process, from slow tectonic loading to dynamic earthquake rupturing on the fault, which will be an unprecedented application. This approach provides much richer insights into the physical background than kinematic inversions do.
For simplicity, to identify the essential features, we assumed a simple dipping planar fault with depth-dependent fault properties embedded in a 25-km-thick lithospheric elastic plate subjected to remote stressing at a constant, slow rate. The thickness of the DSZ is neglected, as is usual in such models [Tse and Rice, 1986] . We employed the efficient boundary integral equation method, which enables full dynamic numerical modeling [Tada, 2006; with a numerically included ground free surface. In our model, the fault obeys a simplified but essential constitutive law that depends on the slip and slip velocity and takes into account common rock properties such as apparent slip-weakening friction at high velocities [Wibberley et al., 2008] , effective healing at low velocities [Dieterich, 1979] and plastic flow at high temperatures [Tullis et al., 1990] . Figure 3a shows the assumed parameter distribution on the fault, differentiating the brittle and ductile regions (the strength parameters are the same within each layer). The upper layer is stronger but exhibits slip-and velocity-weakening behavior, which induce instability, whereas the lower layer is weaker [Burgmann and Dresen, 2008 ] but held at a constant state, leading to stability.
It is important to note that the geometry and depth of the brittle-ductile transition are approximately constrained only by the micro-seismicity distribution (shown in Figure 1b) , not by the observed ground-surface displacement (Figure 2) .
Simulation results
Figures 3b-h illustrate how the fault motion evolves in the simulation, from a long, quiet inter-seismic period to a dramatic co-seismic period. During the inter-seismic period (Figure 3b and c), shear stress continuously accumulates in the locked upper layer, especially along its base (see right panels), whereas the lower layer stably slides, releasing the remote load (see left panels). In general, the stress in the locked upper layer σ upper is as follows,
where the first and second terms on the right-hand side denote the stress at location x, respectively representing the contributions of the remote load and of the slip S, represented by spatial convolution through ξ with Green's function G over the fault plane in the lower layer Γ lower . Although the first term is homogeneous everywhere on the fault, the second term introduces heterogeneity, showing a concentration of stress along the base of the upper layer. This stress heterogeneity determines the subsequent co-seismic slip pattern.
When enough stress has accumulated (Figure 3c ), slip accelerates slightly at the deepest part of the upper layer, where the stress is at maximum owing to the convex geometry of the layer. Note that the condition for this rupture nucleation is met by the increment of the second term of Equation (1) while the value of the first term remains lower than the residual strength of the upper layer.
In the co-seismic period (Figures 3d-h ), the rupture starts to expand dynamically with seismic wave radiation. Initially, the rupture propagates bilaterally, but soon it becomes unilateral, towards the right (south). The dominant unilateral propagation is caused by the asymmetrical geometry of the SGL base, which is longer to the right. Finally, the rupture is arrested and the co-seismic slip becomes V-shaped (Figure 3g ) reflecting the initial high stress area (Figure 3c ) and the area of negative stress drop around the ruptured area (Figure 3h ). The simulation explains the observed main-shock hypocenter location near where the base of the SGL is deepest (Figure 1b) . Unilateral southward propagation was also observed by seismic inversions [Suzuki et al., 2010] . Moreover, the observed surface offsets were larger near the northern and southern ends of the fault than in its middle section (Figures 1 and 2) , consistent with the V-shaped slip. Figure 4 shows the simulated co-seismic ground-surface displacement, which reproduces well the observed pattern overall (Figure 2 ). This result is remarkable although the simulated rupture overshoots somewhat, considering that we performed forward modeling without inversions to 5 constrain the source fault slip. Three aforementioned characteristics are clearly seen in the result.
The first two are especially important: (1) the crescent shape is indeed a manifestation of the V-shaped fault slip distribution, and (2) the relatively larger motion around Mt. Kurikoma is seen to result from the particularly thin SGL where the fault is cut by the volcano. Given these similarities, it is clear that the shape of the western margin of the crescent is defined by the basal geometry of SGL.
They are evidence of the DSZ being manifested by the thinning of the SGL near volcanoes.
One might wonder whether the crescent shape is really evidence for the presence of a DSZ. If one supposes, however, that the thinning of the SGL occurred without a DSZ (SGL occupies lithosphere), then the stress would be concentrated only near the volcanoes, which would make it impossible to be an equally large slip between the volcanoes, along the deep portion of the fault. Therefore, it would be difficult to account for the crescent shape of the surface deformation without a DSZ. Although not all detailed features including rather abrupt vertical displacement change near Mt. Kurikoma were recovered by our simple model, its overall ability to explain the observations indicates the presence of a DSZ. Consideration of secondary effects such as subsidiary faulting and any heterogeneity will necessarily improve the capability of the model, with additional data required to evaluate these aspects.
Conclusions
Several geometric characteristics of the detailed ground displacement pattern constitute promising co-seismic evidence for the presence of a DSZ. This evidence was verified by physics-based forward modeling constrained by seismicity distributions reflecting existing geothermal anomalies.
Observations of the main-shock hypocenter, rupture directivity, lateral extent of the rupture area and surface rupture profiles are all reasonably explained by our simulation. This simulation revealed the role of DSZs through the inter-seismic fault loading process. The model verification in our study was made possible by SAR data and could not be achieved with the sparser GPS or seismic network data available at present. We anticipate that subsequent studies will identify similar clue in various active faults by using volcanism owing to the clearer visibility due to existing anomalies; e.g., the Atostugawa fault, central Japan, is well known as delimited by two volcanoes with the correlated SGL depth variation [Ito et al., 2007] . Our methods and finding will lead to deeper understanding of the structure and mechanics of crustal faults beyond upper plate faults. 
Introduction
This auxiliary material includes the illustration of the model configuration called Figure A1 and information for the PALSAR data set used for SAR pixel offset analysis called Table A1 . The caption to Figure A1 would read: Imposition of a free surface by placement of a numerically included virtual crack over the source fault. Figure A1 . Imposition of a free surface by placement of a numerically included virtual crack over the source fault. 
